12 United States Patent

Hou et al.

US010067038B2

US 10,067,038 B2
Sep. 4, 2018

(10) Patent No.:
45) Date of Patent:

(54) ANALYZING EQUIPMENT DEGRADATION
FOR MAINTAINING EQUIPMENT

(71) Applicant: Accenture Global Services Limited,
Dublin (IE)

(72) Inventors: Fang Hou, Beijing (CN); Yan Gao,
Beijing (CN); Xiaopei Cheng, Beijing
(CN)

(73) Assignee: Accenture Global Services Limited,
Dublin (IE)

(*) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 134(b) by 239 days.

(21)  Appl. No.: 14/913,222

(22) PCT Filed: Mar. 24, 2015

(86) PCT No.: PCT/CN2015/074946
§ 371 (c)(1),
(2) Date: Feb. 19, 2016

(87) PCT Pub. No.: W02016/149906
PCT Pub. Date: Sep. 29, 2016

(65) Prior Publication Data
US 2017/0038280 Al Feb. 9, 2017

(51) Int. CL
FO4B 51/00
GOIM 99/00

(2006.01)
(2011.01)

(Continued)

(52) U.S. CL
CPC .......... GOIM 99/008 (2013.01); FO4B 51/00
(2013.01); GO6Q 10/063 (2013.01); GO6Q
10/20 (2013.01); GO6T 11/206 (2013.01)

(38) Field of Classification Search
CPC .... GOIM 99/008; FO4B 51/00; GO6T 11/206;
G06Q 10/063; G0O6Q 10/20; GOIR
31/343; GO8B 31/00; GO5B 23/0254;

GO05B 9/02
(Continued)
(56) References Cited
U.S. PATENT DOCUMENTS
2002/0143421 Al  10/2002 Wetzer
2013/0024179 Al* 1/2013 Mazzaro ................ G06Q 10/04
703/18

2015/0073751 Al 3/2015 Liao et al.

FOREIGN PATENT DOCUMENTS

WO WO 03/023664 Al 3/2003
WO WO 2008/151240 A1  12/2008
(Continued)

OTHER PUBLICATTONS

Patent Examination Report No. 1 dated May 3, 2016 for Australian
Patent Application No. 2016201794 (4 pp.).

(Continued)

Primary Examiner — Mouloucoulaye Inoussa
(74) Attorney, Agent, or Firm — Brinks Gilson & Lione

(57) ABSTRACT

A method and system for analyzing equipment degradation
for maintaining the equipment are provided. The method and
system receive and store equipment and sensor data asso-
ciated with operational equipment, generate a display signal
to display a relationship analysis window, a residual error
window, a performance condition window, and a mainte-
nance trigger window, and evaluate a coordinated relation-
ship between the equipment sensor data and the environ-
mental data, determine residual errors and determine a
Historical Health Condition Index (HHCI) for the opera-
tional equipment and generate a Future Health Condition
Index (FHCI) from the HHCI, and generate an equipment

(Continued)

Generate a display signal that includes a relationship analysis window, a

residual error window, a performance condition window and a
maintenance frigger window

Determine residual errors showing differences between the relationship
output and equipment sensor data

Generate an equipment maintenance trigger for the operafional equipment
by establishing a trigger threshold for maintenance




US 10,067,038 B2
Page 2

maintenance trigger for the operational equipment by estab-
lishing a trigger threshold for maintenance.

17 Claims, 20 Drawing Sheets

(51) Inmt. CL
G060 10/06 (2012.01)
G060 10/00 (2012.01)
GO6T 11720 (2006.01)
(58) Field of Classification Search
USPC ... 702/58, 183, 185; 324/765.01; 700/31,

700/28, 30, 44
See application file for complete search history.

(56) References Cited

FOREIGN PATENT DOCUMENTS

WO WO 2012/001653 A2 1/2012
WO WO 2014/044906 Al 3/2014

OTHER PUBLICATIONS

International Search Report and Written Opinion dated Dec. 25,
2015 for PCT Application No. PCT/CN2015/074946 (8 pp.).

* cited by examiner



US 10,067,038 B2

Sheet 1 of 20

Sep. 4, 2018

U.S. Patent

I 9l

juswdinb3
leuoijeladp
BuI8)x3

‘. -

oy
L ? [ Wiy o,
. [ _...... . _ .r "
- N g -
....-....._ _ ' - ,_. ‘
- k]

1w 1 A o m “
" .

aseqele(
ele(]
|EQLIO)SIH
LA -
5SEqEIEq 9]eAlld juswdinb3 0701
1001 leuonessdQ
Eele(] [eolo)sIH BUIOIXT aseqgele(]
otk Ok celed
Jaulalu| dl|gqnd 4 ‘_.: |EIUBLUUOIIAUS
juswdinb3 Ul -
leuoneladp veO}
[EJUSWIUOIIAUT 90UBUSJUIE\ ejeq Josuas
Juswdinb3

\-00} 2201

aseqeleq
ele( Josuas

aseqele(
B)e(] JoSusg




US 10,067,038 B2

Sheet 2 of 20

Sep. 4, 2018

U.S. Patent

SUoIoNJSU|
weltboid

veQl

| Jnsey
diysuone|ey
PBjeuIpIo0)

MOPUIAA
186611

aseqeleq
JUSWINSEaN

MOPUIA
10113 [enpisay

LOGIPUOD

£SOl

MOPUIAA
SIsAjeuy

(Ndo) Iun
buIsSse2014

|eua)
30}

g0ela|
UOREIIUNWWON

Nillyallie
LoI}RIBUS.)
Aejdsi

0L

Silllle
SISA[euy
juswdinb3




U.S. Patent Sep. 4, 2018 Sheet 3 of 20 US 10,067,038 B2

300~
310

Recelve and store equipment sensor data and environmental data

320

Generate a display signal that includes a relationship analysis window, a
residual error window, a performance condition window and a
maintenance trigger window

330

Evaluate a coordinated relationship between the equipment sensor data
and the environmental data

340~

Determine residual errors showing differences between the relationship
output and equipment sensor data

390

Determine HRCI for the operational equipment from the residual errors
and generate FHCI from the HHCI
360

Generate an equipment maintenance trigger for the operational equipment
by establishing a trigger threshold for maintenance

FIG. 3



U.S. Patent Sep. 4, 2018 Sheet 4 of 20 US 10,067,038 B2

400~

402
404
406

the residual periodically follow

normal (gaussfi)an) distribution No

410 Y

es
Set the residual as HCl

FIG. 4



US 10,067,038 B2

Sheet 5 of 20

Sep. 4, 2018

U.S. Patent

¢ Ol

_ - Juswadinb3 jeuonesadp Jo uonduosa( 7
705 _

> XXXXXX

> L 00000
% XXXXXX

XOOOKXXXX

Juswdinb3 jeuonelado
X MOPUIAA

R




US 10,067,038 B2

Sheet 6 of 20

Sep. 4, 2018

U.S. Patent

9 9l

Xopu|

00007 0000€ 0000 0000k O 0000 0000€ 0000¢ 0000L O

alnjetadwal

alnjeladwia] [ejudWUOIIAUS

/

709

X5

0

: s ow=e 99

-
O

L)
O
alnjeladwa] a|xXy

. Gl

alnjeladwa] 3|Xy [eoLI0)SIH

/

¢09

MOPUIM

"~009



US 10,067,038 B2

Sheet 7 of 20

Sep. 4, 2018

U.S. Patent

L Old

V0L~ alnjesadwapy
Ov 0t 0¢ Ol 0 Ol-

Q0O
O QO DO

O QQDnD Q0O
QO O OO CHIIHIND OCHE

@) 8818 IINNINIINININNDY &
OO0 QNN B ITENTIEDIIND OO0
@NDININININININNNIN NN G S8,
O OEIINETDIENnInnanD 0
CGOOOMINIMIIMmNINNMEEUIIImmDT O
D OMIIRINTIIIEFO IO O O
O D ampunmmnnsenipnmnmmn OO0

QR ®)NIE) NN NNININUS &P

SIEE8)Y)IGNINNIHINNINININIES & $)))
0 01 10) 810010 NS8)) 811NN ENIINININNINKESIS)
SXSIS I INS))S))))) @) INIIS)IIINNNINIININIINIINGIIIIDDD O

S eJol88)8) 911NN ENMNHIDNINMHNIHINDIN (ale]e)e

OO0 ORI IEIIIRHNEIININmnD OO0
8) @ 6NN NNINNNIRNDNNMIINIIels

OO OEEamnsyn NN CIp

S I $)1)1)1)1)))9)))3))125))))3))1)) 93131 EES)). 8))) ¢ ) N &
O OO0 DRI GpapaD ¢ O OO
O O O AOOOEOauIinyo D O
OO0 OO ENdOCO OO0 O
O eI s gl (o OO0 O
o: e |
O
O

ohoB8

uo|}o09jes Je)sweled

- L o LD -
P~ O O LD L
ainjesadwal dwnd\g

L)
N

X

MOPUIM




US 10,067,038 B2

Sheet 8 of 20

Sep. 4, 2018

U.S. Patent

Q0O

8 "'Old
gm/m_n_smmn_smtE
0} G 0
O
QO
Q O O 00 00

0 OO O QD OO O 000 O DO Q000
OO0 OO OO O OO DOt o

Q0

O O 00000 OAMNLATITDO QD O OO0

O OO 000 O OOpMOET COOMIIUDAND QXD O0D
OO0 OOCXIISTNHOADIDADTINO ORI OO
QO OO0 OO GO O O O
O0OO00000 C0 O O
O O
O

sisAjeuy uoissaibay
908

O

O «©Oamwo OO0

O ab Qi
O OO OO O QDO oI O OO O O O
O

O

OO0

) NS
Q0P O ADOO O

N
L

¢08
N\
il
=
9 =
=
L=
f
=
09 =
79
MOPUIAA

N—009



U.S. Patent Sep. 4, 2018 Sheet 9 of 20 US 10,067,038 B2

Residual Error Calculation
FIG. 9

10000

:
¢
]
| §
%
O
0

Lo - L) - L)
—

\ !

N
1043 |enpISsy .~ S

Window




0L "Old

¢E01 —_sa|nueny) WIoN
¢ | 0 - S

US 10,067,038 B2

00l

Sheet 10 of 20

-
OH -~

Sep. 4, 2018

pe0L J0|d D-D [BUWLION
UOIJNJOAT UOIINQLISI] [EWION

X[ OB

U.S. Patent



U.S. Patent Sep. 4, 2018 Sheet 11 of 20 US 10,067,038 B2

1102
Mean & SD calculation

1104

Data smoothing

1106
Modeling training

1108

Prediction

FIG. 11
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ANALYZING EQUIPMENT DEGRADATION
FOR MAINTAINING EQUIPMENT

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the priority of International Appli-
cation No. PCT/CN2015/074946, filed on Mar. 24, 2015,

which 1s hereby incorporated herein by reference 1n 1its
entireties.

TECHNICAL FIELD

This disclosure 1s 1n the area of equipment maintenance.
Particularly, this disclosure relates to equipment degradation
forecast and equipment operation health condition analysis
by using a model-based approach

BACKGROUND

In many instances, equipment (e.g., rotor equipment such
as turbines) operates continually 1n o1l refinery plants, water
plants, and other settings. Regardless of whether the equip-
ment operates on a continuous basis, keeping equipment
under healthy operating conditions 1s quite important for
meeting output and production goals, among other reasons.
Improvements in equipment maintenance will facilitate the
cllicient operation ol machinery.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an example system diagram that depicts the
data flow for the equipment maintenance system.

FIG. 2 shows an example system diagram that depicts the
equipment maintenance system.

FIG. 3 illustrates an example of logic for analyzing
equipment degradation for maintaining the equipment.

FIG. 4 shows an example of logic for generating the
Historical Health Condition Index (HHCI).

FIG. 5 shows an example window for displaying opera-
tional equipment.

FIG. 6 shows an example window to display historical
axle temperature and environmental temperature.

FIG. 7 shows an example window for parameter selection.

FIG. 8 shows an example window for regression analysis.

FIG. 9 shows an example window for residual error
calculation.

FIG. 10 shows an example window for normal distribu-
tion evaluation.

FIG. 11 illustrates an example of a process for generating,
Future Health Condition Index (FHCI).

FIG. 12 shows an example window for smoothing, fitting
and prediction of HCI Mean Trend.

FIG. 13 shows an example window for standard deviation
trend fitting and prediction.

FIG. 14 shows an example window for displaying HCI
limit and HCI limit after moving average.

FIG. 15 shows an example window for the limit violation
probability of HCI.

FIG. 16 shows an example window for generating alert
date when the alert probability level reaches a certain level.

FIG. 17 shows an example window to show HCI mean
values before and after maintenance.

FIG. 18 shows an example window to show the shifted
curve after maintenance.

FI1G. 19 shows an example window to show the prediction
after the shifted curve 1s obtained.
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FIG. 20 shows an example window to show the update
model after maintenance.

DETAILED DESCRIPTION

The present disclosure concerns an equipment degrada-
tion analysis system that can eflectively evaluate the health
condition of equipment for predictive maintenance. In one
implementation, the system evaluates health condition using
a health condition index (HCI). The may analyze multiple
equipment types, including those equipment types for which
there are no available data samples, e.g., equipment degra-
dation samples.

FIG. 1 shows an example system diagram that depicts the
data flow for the equipment maintenance system 100. As
shown 1n FIG. 1, the equipment maintenance system 100
may connect to operational equipment 1002 via the network
1001, e¢.g., a private or public Intranet, and may send
requests and receive data from the operational equipment
1002. The operational equipment 1002 and the system 100
may connect with the sensor data database 1010, the envi-
ronmental data database 1011, and the historical data data-
base 1009. The operational equipment 1002 may provide

sensor data, environmental data and historical data that may
be stored 1n the sensor data database 1010, the environmen-
tal data database 1000 and the historical data database 1009.

The operational equipment 1002 may also send sensor
data, environmental data and historical data to the equip-
ment maintenance system 100 directly. As 1llustrated in FIG.
1, the equipment maintenance system 100 may directly
access sensor data database 1010, environmental data data-
base 1011 and historical data database 1009 via the private
Intranet 1001. Also, not all of the environmental data,
historical data sensor data and sensor data need to be directly
from operational equipment 1002. The sensor data database
1010, environmental data database 1011, and historical data
database 1009 may store data that may be received from
other sources.

FIG. 1 also shows that the equipment maintenance system
100 may connect to the external sensor data collector 1030,
and any external equipment, e.g., the first external opera-
tional equipment 1020 and the second external operational
equipment 1021 via the network 102, e.g., the public Inter-
net. The equipment maintenance system 100 may request
and receive data from the external sensor data collector
1030, the external operational equipment 1020 and the
external operational equipment 1021.

The external sensor data collector 1030 may collect
sensor data and store the sensor data to the sensor data
database 1010. The first external operational equipment
1020 may also collect sensor data, environmental data and
historical data and store them 1n the first sensor data database
1022, the environmental data database 1024 and historical
data database 1026.

As shown 1n FIG. 1, the equipment maintenance system
100 may directly access sensor data database 1010, the first
sensor data database 1022, the environmental data database
1011 and the historical data database 1009 via the public
Internet 102. The equipment maintenance system 100 may
also obtain data directly from the second external opera-
tional equipment 1021 even though the second external
operational equipment 1021 may not store data to the
database. The data flow shown 1n FIG. 1 1s just for 1llustra-
tion purpose, many other data flow implementations for the
equipment maintenance system are also possible and within
the scope of the present disclosure.
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FIG. 2 shows an example system diagram that depicts the
equipment maintenance system 100 implemented with
equipment analysis circuitry 103. As illustrated i FIG. 2,
the system 100 may include the communication interface
101, the measurement database 111, the display generation
circuitry 110 and the equipment analysis circuitry 103. The
system 100 may be 1n local or remote communication with
a display 120, ¢.g., a local monitor, an application 1nterface
on a smart phone, or another display.

The communication terface 101 may be configured to
receive, from the measurement database 111, equipment
sensor data representing an equipment performance param-
cter from among multiple diflerent performance parameters
associated with the operational equipment. The environmen-
tal data represents, for example, an environmental charac-
teristic ol a location where the operational equipment 1s
located. The measurement database 111 may be configured
to store the sensor data and the environmental data that may
be received from the communication interface.

The display generation circuitry 110 may be configured to
generate a display signal that may be displayed 1n one of a
relationship analysis window 1051, a residual error window
1052, a performance condition window 1053, and a main-
tenance trigger window 1034, The display generation cir-
cuitry 110 may be configured to generate the display signal
that may be displayed 1in other windows.

The equipment analysis circuitry 103 may be 1n commu-
nication with the measurement database 111 and the display
generation circuitry 110. The equipment analysis circuitry
103 may contain memory 104. The memory 104 may store
program 1nstructions 1036 executed by the processor 108
that are configured to, as examples:

Evaluate a coordinated relationship 1031 between the
equipment sensor data and the environmental data to obtain
a relationship output, and provide the relationship output for
display 1n the relationship analysis window 1051;

Determine residual errors 1032 showing differences
between the relationship output and the equipment sensor
data stored 1n the measurement database 111, and provide
the residual errors for display in the residual error window
1052;

Determine a Historical Health Condition Index (HHCI)
1033 for the operational equipment from the residual errors
and generate a Future Health Condition Index (FHCI) 1034
from the HHCI 1033, and provide the HHCI 1033 and the
FHCI 1034 for display in the performance condition window
1053; and generate an equipment maintenance trigger 1035
for the operational equipment by establishing a trigger
threshold for maintenance, and provide the equipment main-
tenance trigger for display in the maintenance trigger win-
dow 1054.

The equipment analysis circuitry 103 that evaluates a
coordinated relationship 1031 may be configured to evaluate
the coordinated relationship between the equipment sensor
data and the equipment sensor data or between the equip-
ment sensor data and the environmental data or between the
equipment sensor data and the equipment sensor data as well
as the environmental data. The equipment analysis circuitry
103 may first determine a subset of operational parameters
from the equipment sensor data and the environmental data,
and evaluate the coordinate relationship 1031 between any
of two or more parameters within the subset of the opera-
tional parameters.

The equipment analysis circuitry 103 that generates FHCI
1034 may be configured to predict mean series and Standard
Deviation (SD) of the FHCI and generate the FHCI based on
the predicted mean series and SD of FHCI.
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FIG. 3 illustrates an example of logic 300 for analyzing
equipment performance and maintaining the equipment. The
logic may be implemented 1n the system 100 shown 1n FIG.
2, for instance, as the program instructions in the memory
109. The logic 300 includes receiving and storing equipment
sensor data and environmental data (310), e.g., by receiving,
from a communication interface, equipment sensor data
representing an equipment performance parameter from
among multiple diferent performance parameters associated
with operational equipment; receiving, from the communi-
cation interface, environmental data representing an envi-
ronmental characteristic of a location where the operational
equipment 1s located; and storing the sensor data and the
environmental data received from the communication inter-
face into a measurement database.

Equipment sensor data may be captured and stored in the
database 111. The equipment sensor data may be captured
through sensors on or 1n proximity to the operational equip-
ment, and may be transferred via the communication inter-
face 101 from the equipment sensors to one or more pro-
cessors 108 and then may be stored in the memory 109.
Different sensor data may be captured and stored. For
example, the axle temperature of an o1l pump for a period of
time (for the past three months, for example) may be
captured by a sensor of the o1l pump and stored in the
memory 109.

Environmental data may also be obtained and stored in
the memory 109. For example, the environmental tempera-
ture may be obtained as one type of the environmental data.
The environmental temperature for a period of time (for the
past three months for example) may be collected from a third
party and received via the communication interface 101. The
environmental data may also be stored 1n the memory 109.
The environmental data may also be stored 1n any other data
repositories.

Sensor data and environmental data may become histori-
cal data after they are obtained and stored in the memory
109. After the sensor data are captured, the sensor data may
be considered historical data after they are stored in the
memory 109. For example, the axle temperature for an o1l
pump for the past three months become historical data after
three months of axle temperatures are captured and stored 1n
the memory 109.

In general, the long term trend of one or more operational
parameters (OPs) of the equipment may help illustrate the
degradation progress of the equipment physical health con-
dition. An OP may be used for monitoring. When the OP
runs out of limit, 1t may result 1n the equipment fault. For
example, when the axle temperature i1s higher than the
pre-determined limit, the equipment may not function prop-
erly. Therelfore, the axle temperature may be an OP. The axle
vibration of the pumps may be another example of the OP
for the equipment.

A subset of sensor data may be selected from the memory
109 to develop the OP for analyzing the degradation of the
equipment. The memory 109 may store the long term
historical records. The method disclosed in the present
disclosure may be to leverage historical monitoring data, for
example selecting a subset of sensor data stored in the
memory 109, to develop a number of predetermined and
preselected OPs of the equipment to analyze and predict its
degradation. The example equipment to be analyzed may
include the rotor equipment such turbines, pumps, or any
other equipment.

The environmental data stored in the memory 109 or
received from other sources may also be used for OP
analysis. OP value may be aflected not only by the equip-
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ment physical condition but also by the production/opera-
tion condition and environmental condition. The related
environmental data may also be used and preprocessed for
OP analysis. For example, 1f the axle temperature 1s deter-
mined as the OP and the operational limit of the sample
pump’s axle temperature may be 70 degrees Celsius. In
order to analyze when the pump’s temperature may exceed
the limit of 70 degrees, the environmental temperature may
be used because the axle temperature may also be aflfected
by the environmental temperature. Some coordinated rela-
tionship may exist between the two temperatures.

The logic 300 may further determine a subset of opera-
tional parameters from either the equipment sensor data or
the environmental data for conducting further relationship
analysis.

The data validation and data cleaning may also be per-
formed for both the sensor data and environmental data
stored 1n the memory 109 or received from other sources.
For example, both axle temperature and environmental
temperature may be checked validity when they are read out
from the memory 109. If the temperature 1s too high, e.g.,
500 degrees, or too low, e.g., =200 degrees, or simply
missing, the temperature associated data may be determined
invalid and may be skipped or deleted from the OP analysis.

The logic 300 may generate a display signal that includes
a relationship analysis window, a residual error window, a
performance condition window and a maintenance trigger
window (320). The generation of the display signal may
include: generating, by display generation circuitry, a dis-
play signal to display in at least one of: a relationship
analysis window, a residual error window, a performance
condition window, and a maintenance trigger window. The
display windows may be more than those two types. Addi-
tional windows may be developed.

The logic 300 may also evaluate a coordinated relation-
ship between the equipment sensor data and the environ-
mental data (330). The evaluation may include evaluating,
by equipment analysis circuitry that 1s in communication
with the measurement database and the display generation
circuitry, a coordinated relationship between the equipment
sensor data and the environmental data to obtain a relation-
ship output, and providing the relationship output for display
in the relationship analysis window.

The coordinated relationship may be a demonstration
between the OP and the equipment sensor data as well as the
environmental data. As discussed above, the OP value may
be aflected by the production/operation condition and envi-
ronmental condition. Therefore, certain coordinated rela-
tionship may exist between certain sensor data such as axle
temperature and certain environmental data such as envi-
ronmental temperature. A display window may be developed
to show the coordinated relationship.

As discussed above, the subset of OPs may be either
equipment sensor data or environmental data. The coordi-
nated relationship may be shown for any two or more of OPs
from the subset.

A regression may be performed to show the coordinated
relationship. For example, a regression for the axle tempera-
ture and the environmental temperature may be run and the
result may be displayed 1n the relationship analysis window.
The example of the regression analysis and display 1is
provided in FIG. 8.

The regression analysis may be performed by using data
when the equipment 1s under healthy condition and between
OP and other correlated parameters. The regression analysis
may start with selecting reasonable sample data set from
when the equipment 1s in relatively good health condition
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and then use the selected data set to perform the regression
analysis between OP and other correlated parameters. The
reason lor selecting sample from healthy period of the
equipment 1s to attempt to represent the performance of
healthy equipment with the regression formula and avoid the
disturbance from the aging of the equipment. Therefore, the
long term trend of the error between the actual OP value and
calculated OP value using the regression formula may be
able to help illustrate the performance degradation of that
equipment. The regression formula developed from the
regression analysis may be represented as:

OP=f(x), x=(x{, . . ., X,) (1)

As shown in Formula 1, the parameters x may include the
equipment sensor data and environmental data that may be
correlated with OP.

The logic 300 may also determine residual errors showing
differences between the relationship output and the actual
OP value (340). The actual OP value may be the equipment
sensor data or environmental data. The determination may
include: determining, by the equipment analysis circuitry,
residual errors showing differences between the relationship
output and the equipment OP stored in the measurement
memory 109, and providing the residual errors for display in
the residual error window.

The residual errors may be calculated by using the regres-
sion formula and the historical data stored in the memory
109 for the correlated parameters. As an illustration, the
residual error may be the difference between the calculated
and actual value of OP. The calculation of the residual error
may be represented as:

Res=0QP . -0OP

(2)

Gt o fo.

As shown 1n Formula 2, the OP__, 1s the actual monitored
OP value, and the OP__, 1s the calculated OP using the
formula OP=1{(x) 1in Formula 1.

The logic 300 may determine HHCI for the operational
equipment from the residual errors, generate the mean series
and SD series of HHCI and generate the predicted mean and
standard deviation of FHCI from the mean series and SD
series of HHCI (350). The logic 300 may also generate FHCI
by using HHCI directly. The determination may include:
determining, by the equipment analysis circuitry, a HHCI for
the operational equipment from the residual errors and
generating a FHCI from the HHCI, and providing the HHCI
and the FHCI for display in the performance condition
window.

The HHCI may be determined when the residual errors
follow a normal distribution. Because the equipment deg-
radation may be a slow gradual process, the historical HCI
to be determined may be relatively stable and may follow the
normal distribution for each reasonable historical time win-
dow. The HHCI may be within a reasonable time window
(c.g. a day or a week or month, etc.) with gradually changing,
mean and standard deviation (SD) through different time
window. If the residual error follows the normal distribution,
the residual error may be selected as the HCI or HHCI.
However, the process may repeat to select the parameter and
conduct the regression analysis to find suitable parameters 1n
order to get the good regression formula for developing
HHCI.

When the residual error follows the normal distribution
and 1s selected as HCI, the HHCI may be represented as:

HCI=Res (3)

After the HHCI 1s determined, the future mean series and
SD series of FHCI may be predicted by using the HHCI.
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When the HHCI 1s calculated periodically, the mean and SD
may also be calculated for the HHCI. Because the degrada-
tion analysis may mainly care about the long term or
mid-term trend of HCI, the filtering/smoothing methods like
moving average could be used for filtering out the noise or
local fluctuation of the mean and SD of HHCI to get the
overall trend. Thus, based on the smoothed periodic mean
series of the HHCI, the approximate fitting & prediction
model may be obtained and trained. As such, the fitting
model may be used to predict the periodic mean value for the
periods 1n the following year or half year. The same proce-
dure may also be conducted for the SD series of HCI. As
such, the long term trend of the mean series and the SD
series ol HCI could be fitted and predicted and the mean
series as well as the SD series of FHCI may be generated.
HHCI may also be used to generate FHCI without predicting
the future means series and SD series.

The logic 300 may generate an equipment maintenance
trigger for the operational equipment by establishing a
trigger threshold for maintenance (360). The generation may
include: generating, by the equipment analysis circuitry, an
equipment maintenance trigger for the operational equip-
ment by establishing a trigger threshold for maintenance,
and providing the equipment maintenance trigger for display
in the maintenance trigger window.

The equipment maintenance trigger may be generated by
setting an alert level for a particular predicted degradation
probability. Based on the predicted periodic mean trend
value and standard deviation (SD) trend value of HCI, the
probability formula of normal distribution may be used to
calculate the limit violation probability of HCI 1n the future
and get the degradation probability prediction curve.

In order to determine the limit violation probability of
HCI, the limit of HCI may first be calculated. Because HCI
1s a designed index and 1s not necessarily given a limait, the
calculation of NCI’s limit for equipment degradation analy-
s1s may be needed. By design, HCI may be the difference
between OP__. and OP__, .. The OP__ may be the parameter

act calc. act

and may be normally given a certain limit by the manufac-
turer or industry standard. Then the limit of HCI may be
calculated as the difference between the OP limit and the
OP by using the following formula:

cale.

(4)

The probability of limit violation may then be calculated.
Based on the calculated HCI limit and the predicted daily
HCI Mean and SD, the limit violation probability of HCI
may be calculated using the following normal distribution
probability formula:

cale.

(3)

+oo v—
— o1 dx

P(x > Lim) = f e 2
Lim oV 2n

x=HCI, o =HCI SD, u= HCI Mean

Thus, the equipment maintenance trigger may be set for
the operational equipment by establishing an alert level as a
trigger threshold for maintenance. According to a calcula-
tion of the probability of limit violation, 1f the predicted
probability keeps increasing and when it reaches an alert
level (e.g. >10%), then the system 100 may indicate that the
equipment needs maintenance. The maintenance time may
be set to a particular day, for instance, or 1t may be
recommended as a day before the predicted alert date. For
example, if the probability goes above 10% on the 109” day
in the future, the maintenance date may be selected as the
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108” day in the future, or any other time before the 109th
day. Thus, when the alert level or the trigger threshold 1s
exceeded (10%), the future maintenance date may be deter-
mined. And then, a maintenance notification may be gener-
ated and send to a recipient by using the communication
interface.

FIG. 4 shows an example of logic 400 for generating the
Historical Health Condition Index (HHCI) 400. As shown 1n
FIG. 4, the HHCI generation process may be an 1teration
process. The parameter selection 402 may select at least two
parameters for the regression analysis 404. The parameter
may be selected from OPs which may be represented by
sensor data stored in the memory 109. The parameter may
also be environmental data such as environmental tempera-
ture. The parameter selection 402 may be a random pick
from the equipment sensor data and environmental data that
may be highly correlated with OP or may also be made
according the previous iteration or the historical parameter
selections.

The regression analysis 404 shown 1n FIG. 4 may include
applying a regression formula to represent the coordinated
relationship of parameters selected from the step of param-
cter selection 402. The regression analysis 404 may be a
liner regression. Any other regression analysis methods may
also be used. Because the regression may closely represent
the performance of healthy equipment, the sample data
chosen 1ncluding sensor data or environmental data may be
for the period when the equipment 1s under relatively good
health condition. The regression formula may be represented
by a function of selected parameters regarding the OP as
shown in Formula 1 above.

The residual error calculation 406 may calculate the
difference between the calculated and actual value of OP.
The actual value of OP may be sensor data stored as
historical records 1n the memory 109. The calculated value
of OP may be calculated by using the regression formula
developed 1n the regression analysis 404. The residual errors
may be calculated by using Formula 2 above.

After the residual errors are calculated, a determination
may be made based on whether the residual periodically
follows the normal distribution 408. If the residual errors
follow the normal distribution, residual errors may be set as
HHCI 410 as 1llustrated 1n Formula 3 above. However, 1f the
residual errors do not follow the normal distribution, the
iteration as shown 1 FIG. 4 may be performed again by
starting at the parameter selection 402.

FIG. 5 shows an example window 500 for displaying
operational equipment. The window 500 may include an
image ol the operational equipment 502 and a description of
the operational equipment 504. As shown in FIG. 5, the
operational equipment 302 1s displayed. Other information
for the operational equipment 502 may also be displayed.

FIG. 6 shows an example window 600 to display histori-
cal axle temperature 602 and environmental temperature
604. A subset of historical sensor data may be selected as
OPs that are used for monitoring of equipment. Because
environmental condition may affect the production and
operation condition of the equipment, certain environment
data may be selected for the equipment degradation analysis.
As shown 1n FIG. 6, Historical axle temperature 602 and the
environmental temperature 604 may have a similar moving
pattern. Thus, both the sensor data (also OP) historical axle
temperature 602 and environmental temperature 604 may be
selected as parameters for the regression analysis for gen-
erating HClIs for the equipment degradation analysis.

FIG. 7 shows an example window for parameter selection
700. As shown in FIG. 7, the historical values for pump
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temperature 702 and air temperature 704 are displayed.
According to FIG. 7, the pump temperature 702 and air
temperature 704 are highly related.

FIG. 8 shows an example window for regression analysis
800. As shown m FIG. 8, the regression 1s performed for the
temperature of pump 802 and temperature of air 804. The
solid line showed in the regression analysis window may
represent the relationship between pumtempsample 802 and
arrtemsample 804. The solid line may be a representation of
the regression formula.

FIG. 9 shows an example window {for residual error
calculation 900. As shown 1n FI1G. 9, residual error 902 may
reflect the difference between the calculated OP and the
actual OP that may be stored as historical values 1n the
measurement memory 109. The residual error 902 may be
calculated by using Formula 2 above. The time index 904
shows the time 1ndex of the series of the residual errors 902.

FIG. 10 shows an example window for normal distribu-
tion evaluation 1000. As discussed above, when residual
errors follow a normal distribution, the residual errors may
be set as the HHCI. As shown in FIG. 10, when plots of HCI
1030 and norm quantiles 1032 generally follows a sold
straight line 1034 and distributes between the dashed line
1036 and 1038, the residual errors may follow a normal
distribution, and the residual errors may be set as the HHCI.

FIG. 11 illustrates an example of logic 1100 for generating,
the predicted mean series and standard deviation (SD) series
of FHCI. The logic 1100 includes determining the periodic
mean of HHCI such as the daily mean or the weekly mean
may be calculated (1102). The standard deviation of HHCI
may also be calculated. In the logic of Data smoothing 1104,
the noise or local fluctuation of the mean series and SD
series of HHCI may be filtered out to get the overall trend.
The modeling training 1104 may be to get the approximate
fitting and prediction model based on the smoothed periodic
mean and SD series of HHCI. Finally, prediction 1108 may
be to predict the mean series and SD series of future HCI
(FHCI).

FIG. 12 shows an example window 1200 for smoothing,
fitting and prediction of HCI Mean Trend. As illustrated 1n
FIG. 12, Historical HCI daily mean series 1202 are dis-
played as the zigzagged line, the smoothed and fitted curve
ol historical HCI daily mean 1204 shows as the smoothed
curved line. Predicted mean trend of FHCI based on fitting
model 1206 1s displayed as smoothed curve for the range of
about 90” to 140” day 1208.

FIG. 13 shows an example window for HCI SD trend
smoothing, fitting and prediction 1300. As shown 1n FI1G. 13,
the real daily HHCI SD series 1302, smoothed and fitted
curve of HHCI SD 1304 and predicted SD trend based on
fitting model 1306 are displayed in SD trend fitting and
prediction window 1300. The day 1308 range for the SD
trend fitting and prediction is about from 1% to 140” day. In
FIG. 13, the curve for approximate 907 to 140” day may be
predicted.

FIG. 14 shows an example window for displaying HCI
limit and HCI limit after moving average 1400. As the OP
limit may be provided by the manufacturer or industry
standard and the HCI 1s the residual errors between actual
OP and calculated OP, the HCI limit 1402 may be calculated
by subtracting calculated OP from OP limit. The formula to
calculate and predict OP 1s shown in Formula 1 above. The
formula to calculate HCI limait 1s shown 1n Formula 4 above.
FIG. 14 shows the calculated HCI limit 1402. The HCI limat
alter moving average 1404 in FIG. 14 shows the HCI limat
alter removing possible noise.
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FIG. 15 shows an example window for the limit violation
probability of HCI 1500. The limit violation probability of
HCI may be calculated by using calculated HCI limiut,
predicted daily HCI mean and SD with the Formula 5 as
shown above. FIG. 15 shows the limit violation probabailities
1502 for the limit violation probability of HCI for the day
range of 17 to 140 day.

FIG. 16 shows an example window for generating alert
date when the alert probability level reaches a certain level.

As shown 1 FIG. 16, when the alter probabaility level 1602
1s 0.10 (10%), the alert date 1604 may be determined.
According to FIG. 16, the alert date 1604 1s at approximately
1097 day.

After the maimntenance of the equipment 1s performed, the
HCI model may need to be updated for the further predic-
tion. In general, after maintenance 1s performed, the equip-
ment may be under better healthy condition. HCI mean &
HCI SD of the first period (day, week or month) may be
calculated after the equipment enters into stable operation
alter maintenance.

FIG. 17 shows an example window to show the HCI
values before and after maintenance. As shown 1n FIG. 17,
the HCI mean value after maintenance 1704 may be lower
than the HCI mean value before maintenance 1706 1s
performed. FIG. 17 also shows the closest point with similar
HCI mean of after maintenance 1702. As shown, the closest
point with similar HCI mean of after maintenance 1702 may
be on the day (807 day) before the day (108" day) when the
maintenance 1s performed.

After finding backward in the historical HCI Mean curve
for the point that has closest value 1702 with the new HCI
mean value after maintenance 1704, 1t may be considered
that the equipment has been recovered to the same health
level of that historical point after the maintenance 1s per-
formed. As such, the historical points of the mean curve and
SD curve between that historical time point 1702 and the
maintenance time point 1706 may be deleted. The curve of
HHCI mean and SD before that historical time point 1702
may be shifted to the maintenance time point 1706 as the
update HHCI mean curve and SD curve for the equipment
after maintenance. FIG. 18 shows an example of a HHCI
mean curve shifting window to show the shifted curve after
maintenance. As shown 1n FIG. 18, the shifted HHCI mean
curve after maintenance 1802 1s on the right side of the
original HHCI mean curve before maintenance 1804.

Any of the windows 500, 600, 700, 800, 900, 1000, 1200,
1300, 1400, 1500, 1600, 1700, 1800, 1900, 2000 may be

generated by the processor 108 and displayed on the display
120.

After the curves are shifted, the previously disclosed
methods may be applied again for fitting and predicting the
trend of Mean and SD of HCI. FIG. 19 shows an example
of a following prediction window to show the prediction
after the shifted HHCI mean curve 1s obtained. Following
prediction 1902 as shown 1n FIG. 19 shows the predicted
HCI mean after the curve 1s shifted.

Sometimes, due to the equipment status might not be very
stable after maintenance, or due to the actual equipment
condition after maintenance 1s not exactly the same as the
shifted HHCI mean curve 1802 shows, so 1t may be needed
to repeat the previous steps 1llustrated 1n FIGS. 17-19 until
the fitting model becomes stable. FIG. 20 shows an example
of a modeling iteration and finalization after maintenance
window to show the update model after maintenance. The
predicted HCI mean curve before model 1teration 2002 may
be generated based on shifted HHCI Mean curve after
maintenance. The predicted HCI mean curve after model
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iteration 2004 may be generated based on not only the
shifted HHCI Mean curve but also the new HCI mean data
calculated from the new equipment sensor data and envi-
ronmental data collected after maintenance. The modeling
iteration and finalization aifter maintenance 2004 shows the
stable model as the update model for the new status of the
equipment after maintenance.

The method and/or system, devices, processing, and logic
described above may be implemented in many different
ways and 1n many different combinations of hardware and
soltware. For example, all or parts of the implementations
may be circuitry that includes an instruction processor, such
as a Central Processing Unit (CPU), microcontroller, or a
microprocessor; an Application Specific Integrated Circuit
(ASIC), Programmable Logic Device (PLD), or Field Pro-
grammable Gate Array (FPGA); or circuitry that includes
discrete logic or other circuit components, including analog
circuit components, digital circuit components or both; or
any combination thereof. The circuitry may include discrete
interconnected hardware components and/or may be com-
bined on a single integrated circuit die, distributed among,
multiple ntegrated circuit dies, or implemented 1 a Mul-
tiple Chip Module (MCM) of multiple integrated circuit dies
in a common package, as examples.

The circuitry may further include or access nstructions
for execution by the circuitry. The mstructions may be stored
in a tangible storage medium that 1s other than a transitory
signal, such as a flash memory, a Random Access Memory
(RAM), a Read Only Memory (ROM), an Erasable Pro-
grammable Read Only Memory (EPROM); or on a magnetic
or optical disc, such as a Compact Disc Read Only Memory
(CDROM), Hard Disk Drive (HDD), or other magnetic or
optical disk; or 1n or on another machine-readable medium.
A product, such as a computer program product, may
include a storage medium and instructions stored in or on the
medium, and the instructions when executed by the circuitry
in a device may cause the device to implement any of the
processing described above or illustrated 1n the drawings.

The implementations may be distributed as circuitry
among multiple system components, such as among mul-
tiple processors and memories, optionally including multiple
distributed processing systems. Parameters, databases, and
other data structures may be separately stored and managed,
may be incorporated into a single memory or database, may
be logically and physically organized in many diflerent
ways, and may be implemented i many different ways,
including as data structures such as linked lists, hash tables,
arrays, records, objects, or implicit storage mechanisms.
Programs may be parts (e.g., subroutines) ol a single pro-
gram, separate programs, distributed across several memo-
ries and processors, or implemented 1n many different ways,
such as 1n a library, such as a shared library (e.g., a Dynamic
Link Library (DLL)). The DLL, for example, may store
instructions that perform any of the processing described
above or 1llustrated in the drawings, when executed by the

circuitry.

Various 1mplementations have been specifically
described. However, many other implementations are also
possible.

What 1s claimed 1s:

1. A system comprising:

a communication interface circuitry configured to receive:

equipment sensor data time series from a sensor dis-

posed 1nside an operational equipment representing
an equipment performance parameter from among
multiple different performance parameters associ-
ated with the operational equipment; and
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environmental data time series representing an envi-
ronmental characteristic of a location where the
operational equipment 1s located;

a measurement database configured to store the equip-
ment sensor data time series and the environmental data
time series received from the communication interface
circuitry;

display generation circuitry configured to generate a dis-
play signal comprising:

a relationship analysis window;

a residual error window:

a performance condition window; and
a maintenance trigger window; and

equipment analysis circuitry in communication with the
measurement database and the display generation cir-
cuitry, the equipment analysis circuitry configured to:
select, among the equipment sensor data time series

and environmental data time series 1n the measure-
ment database, a subset of historical equipment
sensor data and a corresponding subset of historical
environmental data obtained when the operational
equipment was running during a time period of
healthy condition;
evaluate a coordinated healthy condition relationship
between the selected subset of historical equipment
sensor data and the selected subset of historical
environmental data to obtain a relationship output,
and provide the relationship output for display 1n the
relationship analysis window;
determine a calculated equipment sensor data time
series based on the coordinated healthy condition
relationship and the environmental data time series
stored 1n the measurement database;
determine residual error time series showing difler-
ences between the calculated equipment sensor data
time series and the equipment sensor data time series
stored 1n the measurement database, and provide the
residual errors for display in the residual error win-
dow;
determine that the residual error time series follow a
normal distribution by:
dividing the residual errors into groups according to
time windows of a predetermined time unit; and
determining that the residual error time series follow
a normal distribution in each of the time windows
based on comparing calculated quantiles of the
residual error time series 1n each time window and
a set of norm quantiles;
upon determining that the residual error time series
follow a normal distribution:
use the residual error time series as a Historical
Health Condition Index (HHCI) for the opera-
tional equipment; and
generate a Future Health Condition Index (FHCI)
from the HHCI by:
calculating a mean and a standard deviation for the
residual error time series for each time window:
training a predictive model for future mean and
standard deviation for residual error based on
the calculated means and standard deviation for
the residual error time series; and
determining the FHCI based on the predictive
model;

provide the HHCI and the FHCI for display in the
performance condition window; and

generate an equipment maintenance trigger for the
operational equipment by establishing a maintenance
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trigger threshold for a limit violation probability for
a predetermined HCI limit based on the predictive
model, and provide the equipment maintenance trig-
ger for display 1n the maintenance trigger window.

2. The system of claim 1, wherein the coordinated healthy
condition relationship comprises a linear regression.

3. The system of claim 1, wherein the environmental data
represent an ambient temperature.

4. The system of claim 1, wherein the equipment analysis
circuitry 1s further configured to generate the FHCI for
tuture time according to the HHCI.

5. The system of claim 1, wherein the equipment analysis
circuitry 1s further configured to apply a smooth function to
the HHCI and the FHCI to filter out noise, local fluctuation
or both to obtain an overall trend of HCI.

6. The system of claam 1, wherein the limit violation
probability for a future residual error 1s determined by the
equipment analysis circuitry based on the predetermined
HCI limit, a mean and standard dewviation of the future
residual error predicted by the predictive model.

7. The system of claim 1, wherein the equipment analysis
circuitry 1s further configured to generate a maintenance
notification and send the maintenance notification to a
recipient by using the communication interface circuitry
when the trigger threshold 1s exceeded.

8. The system of claim 1, wherein the display signal
turther comprises an informational window for the opera-
tional equipment, wherein the informational window com-
prises an 1mage of the operational equipment and a descrip-
tion of the operational equipment.

9. A method comprising:

receiving, from a communication interface circuitry,

equipment sensor data time series from an sensor
disposed 1nside an operational equipment representing
an equipment performance parameter from among mul-
tiple different performance parameters associated with
the operational equipment;
receiving, from the communication interface circuitry, envi-
ronmental data time series representing an environmental
characteristic of a location where the operational equipment
1s located:;
storing the equipment sensor data time series and the envi-
ronmental data time series recerved from the communication
interface circuitry into a measurement database;
generating, by display generation circuitry, a display signal
to display: a relationship analysis window, a residual error
window, a performance condition window, and a mainte-
nance trigger window;
selecting, by equipment analysis circuitry, among the equip-
ment sensor data time series and environmental data time
series 1n the measurement database, a subset of historical
equipment sensor data and a corresponding subset of his-
torical environmental data obtained when the operational
equipment was running during a time period of healthy
condition;
evaluating, by the equipment analysis circuitry that 1s 1n
communication with the measurement database and the
display generation circuitry, a coordinated healthy condition
relationship between the selected subset of historical equip-
ment sensor data and the selected subset of historical envi-
ronmental data to obtain a relationship output, and providing,
the relationship output for display in the relationship analy-
s1s window;
determining, by the equipment analysis circuitry, a calcu-
lated equipment sensor data time series based on the coor-
dinated healthy condition relationship and the environmen-
tal data time series stored in the measurement database;
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determining, by the equipment analysis circuitry, residual
error time series showing diflerences between the calculated
equipment sensor data time series and the equipment sensor
data time series stored in the measurement database, and
providing the residual errors for display in the residual error
window;
determine that the residual error time series follow a normal
distribution by:
dividing the residual errors into groups according to time
windows of a predetermined time unit; and
determining that the residual error time series follow a
normal distribution in each of the time windows based

on comparing calculated quantiles of the residual error
time series 1 each time window and a set of norm
quantiles;
upon determining that the residual error time series follow a
normal distribution:
using, by the equipment analysis circuitry, the residual
error time series as a Historical Health Condition Index
(HHCI) for the operational equipment; and
generating a Future Health Condition Index (FHCI) from
the HHCI by:
calculating a mean and a standard deviation for the
residual error time series for each time window:
training a predictive model for future mean and stan-
dard deviation for residual error based on the calcu-
lated means and standard deviation for the residual
error time series; and
determining the FHCI based on the predictive model;
providing the HHCI and the FHCI for display in the per-
formance condition window; and
generating, by the equipment analysis circuitry, an equip-
ment maintenance trigger for the operational equipment by
establishing a maintenance trigger threshold for a limait
violation probability for a predetermined HCI limait based on
the predictive model, and providing the equipment mainte-
nance trigger for display 1n the maintenance trigger window.

10. The method of claim 9, wherein the coordinated
healthy condition relationship comprises a regression.

11. The method of claim 9, wherein the FHCI 1s generated
for future time according to the HHCI.

12. The method of claim 9, further comprising: applying,
by the equipment analysis circuitry, a smooth function to the
HHCI to filter out noise, local fluctuation or both.

13. The method of claim 9, wherein the limit violation
probability for a future residual error 1s determined by the
equipment analysis circuitry based on the predetermined
HCI limit, a mean and standard deviation of the future
residual error predicted by the predictive model.

14. The method of claim 9, further comprising: generat-
ing, by the equpment analysis circuitry, a maintenance
notification, and sending the maintenance notification to a
recipient by using the communication interface circuitry
when the trigger threshold 1s exceeded.

15. The method of claim 9, wherein generating the display
signal by the display generation circuitry to further display
in an informational window for the operational equipment,
wherein the informational window comprises an 1mage of
the operational equipment and a description of the opera-
tional equipment.

16. A system comprising:

a communication interface circuitry configured to recerve:

equipment sensor data time series from an temperature
sensor disposed inside an operational equipment
representing an operational temperature of the opera-
tional equipment; and
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environmental data time series representing an ambient
temperature for the operational equipment;
a measurement database configured to store the equip-
ment sensor data time series and the environmental data
time series received from the communication interface
circuitry;
display generation circuitry configured to generate a dis-
play signal comprising:
a relationship analysis window;
a residual error window;
a performance condition window; and
a maintenance trigger window; and
equipment analysis circuitry 1n communication with the
measurement database and the display generation cir-
cuitry, the equipment analysis circuitry configured to:
select, among the equipment sensor data time series
and environmental data time series 1n the measure-
ment database, a subset of historical equipment
sensor data and a corresponding subset of historical
environmental data obtained when the operational
equipment was running during a time period of
healthy condition;

perform a regression analysis between the selected
subset of historical equipment sensor data and the
selected subset of historical environmental data to
obtain a relationship output, and provide the rela-
tionship output for display in the relationship analy-
s1s window;

determine a calculated equipment sensor data time
series based on the relationship output and the envi-
ronmental data time series stored 1n the measurement
database:

determine residual error time series showing difler-
ences between the calculated equipment sensor data
time series output and the equipment sensor data
time series stored 1n the measurement database, and
provide the residual errors for display 1n the residual
error window;

determine that the residual error time series follow a
normal distribution by:
dividing the residual errors into groups according to

time windows of a predetermined time unit; and
determiming that the residual error time series follow
a normal distribution in each of the time windows
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based on comparing calculated quantiles of the
residual error time series 1n each time window and
a set ol norm quantiles;
upon determining that the residual error time series
follow a normal distribution:

use the residual error time series as a Historical
Health Condition Index (HHCI) for the opera-
tional equipment;
generate a Future Health Condition Index (FHCI)
from the HHCI for a selected future time by:
calculating a mean and a standard deviation for the
residual error time series for each time window:
tramn a predictive model for future mean and
standard dewviation for residual error based on
the calculated means and standard deviation for
the residual error time series; and
determine the FHCI for the selected future time
based on the predictive model;
provide the HHCI and the FHCI for display in the
performance condition window;
generate an equipment maintenance trigger for the
operational equipment for a future date by establish-
ing a maintenance trigger threshold for a limit vio-
lation probability for a predetermined HCI limit
based on the predictive model, and provide the
equipment maintenance trigger for display in the
maintenance trigger window; and
adjust the HHCI and the FHCI after equipment main-
tenance 1s performed on the operational equipment,
and provide the adjusted HHCI and the adjusted
FHCI for display in the maintenance trigger window.
17. The system of claim 16, wherein:
the equipment analysis circuitry 1s further configured to:
determine a maintenance HCI value for a maintenance
time point when the equipment maintenance 1s per-
formed, and search backwards to match the mainte-
nance HCI value with a HHCI value at a matched
historical time point;
climinate data points between the matched historical
time point and the maintenance time point 1n the
maintenance trigger window and update the display
in the maintenance trigger window.
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